Abstract: Nanocrystalline ZnO doped with Ag-nanoclusters has been synthesized by a salt solid state reaction. Three overlapping broad emission bands due to the Ag nanoclusters have been detected at about 570, 750 and 900 nm. These emission bands are excited by an energy transfer from the exciton state of the ZnO host when pumped in the wavelength range from 250 to 400 nm. The 900 nm emission band shows characteristic orbital splitting into three components pointing out that the anisotropic crystalline wurtzite host of ZnO is responsible for this feature. Heat-treatment and temperature dependence studies confirm the origin of these emission bands. An energy level diagram for the emission process and a model for Ag nanoclusters sites are suggested. The emission of nanocrystalline ZnO doped with Ag nanoclusters may be applied for white light generation, displays driven by UV light, down-convertors for solar cells and luminescent lamps. ," Opt. Express 18(2), 639-644 (2010). 31. Y. Teng, J. Zhou, X. Liu, S. Ye, and J. Qiu, "Efficient broadband near-infrared quantum cutting for solar cells,"
Introduction
Zinc oxide (ZnO) is a wide band gap II-VI semiconductor with band gap of 3.4 eV and large exciton binding energy of 60 meV. It is used for example in transparent electrodes [1] , liquid crystals displays and LEDs [1] [2] [3] and solar cells [4] [5] [6] [7] . ZnO is now also being investigated for UV driven white light generation [3, 4, 8] , tunable light sources [9] , nano-lasing [1, 2] , green phosphors [3, 4] and optical non-linear applications [10] . Exciton photoluminescence from ZnO is observed around 380 nm [1, 11] . ZnO also emits intrinsic luminescence in the green spectral range with a minor emission tail extending down to the red. This emission originates from deep defects, such as oxygen and zinc vacancies, and impurities ( [1, 2] and refs. therein). The emission properties of ZnO can be modified by intentional doping [9, 12, 13] and postannealing [14] .
In this paper, silver (Ag) has been studied as a dopant for ZnO. Ag single atoms are known as commercial blue phosphors with very high luminescence yield for lamps and computer monitor displays. It is also known that Ag atoms can form luminescent nanoclusters, which consist of only few Ag-atoms, especially when embedded in liquids/colloids/polymers/zeolites, as discussed e.g. in a recent review ( [15] and refs. therein), and more recently in a glassy host [16, 17] . The origin of emission of the Ag-nanoclusters is different from the emission of single Ag atoms, and yet it is not understood to date [15] .
Recent papers reported on preparation and characterization of Ag-doped ZnO materials [18] [19] [20] [21] [22] [23] . An effect of Ag-doping on electrical properties of ZnO was reported in [19] . An effect of Ag doping on the UV exciton emission band of ZnO host has been reported [20] [21] [22] . The Ag-doping is found to enhance exciton emission band of ZnO, but no effect on the visible luminescence of ZnO was reported. Quantum chemistry calculations were carried out in [23] , which suggested formation of Ag nanoclusters in form of dimers, trimers and tetramers in Agdoped ZnO single-walled nanotubes.
The Ag-doped ZnO is an alternative to white light LEDs based on InGaN [24] [25] [26] [27] , which became already a commercial product. Although the quantum yield of InGaN based LEDs approaches a value of up to 70% [24] [25] [26] , but these light sources have unidirectional emission and still are expensive. Therefore, a cheap solid state lighting based on ZnO:Ag nanopowders omnidirectional emission is sought in this work and it can be used therefore in a wider range of applications including conventional luminescent lamps, displays and solar spectrum downshifting.
In this article we report, on the preparation of ZnO nanocrystals doped with Agnanoclusters consisting of few Ag-atoms. Upon Ag doping we observed a significant modification of the intrinsic emission spectrum of ZnO: i) a green band/shoulder around 570 nm, which is red-shifted with respect to an intrinsic band of ZnO host, ii) a red 750 nm band, which is related to Ag-O units/clusters and iii) an infrared 900 nm band, which is orbital split in three components pointing out the crystalline surroundings of the Ag-nanoclusters. The later orbital splitting of the Ag nanoclusters emission band in a crystalline host is reported for the first time, to the best of our knowledge. Photoluminescence excitation spectroscopy revealed that these bands are efficiently excited via exciton state of the ZnO host; i.e. when pumped in the UV-blue range from 250 to 400 nm. It was possible to tune the spectral position and relative emission intensity of the bands by subjecting samples to heat-treatment in oxygen. An energy level diagram for the emission process and a model for the Ag nanoclusters sites are suggested.
This new luminescent Ag-nanoclusters doped ZnO nanocrystals may be a candidate material for down-shifting of the solar spectrum, UV-driven white light generation, tunable phosphors for flexible display and luminescent lamps.
Experimental
In this work a salt solid state reaction based on the methods [28, 29] was used for preparation of nanocrystalline ZnO powder doped with Ag nanoclusters. The Zn(NO 3 ) 2 and AgNO 3 aqueous solutions have been prepared, mixed and precipitated by excessive amounts of aqueous NaHCO 3 solution. The Ag concentration was varied from 0 to 1.0 mol%. The precipitated zinc carbonate hydroxide (ZCH) containing Ag dopants was washed by distilled water and freeze dried in a laboratory freeze dryer. Next, the sintering of the ZCH was carried out in a muffle furnace at 700°C during 2 h. The resulting nanopowders have been pressed into pellets for optical measurements. Some of the samples were subjected to additional heattreatment in oxygen atmosphere at 700 °C in an oven.
An X-ray diffractometer (XRD) Rigaku was used to characterize the crystal structure of the samples. Transmission electron microscopy (TEM) and high resolution TEM with energy dispersive X-ray spectroscopy (TEM EDX) were applied to identify the nanostructure of the samples and their chemical composition. TEM and EDX investigations were performed on mechanically crushed samples deposited on holey carbon grids using a Tecnai G2 microscope operated at 200 kV, equipped with an energy dispersive X-ray analysis attachment. High resolution high angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was used to characterize the local nanostructure of the samples. HAADF-STEM images were recorded on an FEI Titan 80-300 "cubed" microscope fitted with an aberration corrector for the probe-forming lens, operated at 120 kV.
Emission spectra were measured using an Andor Technologies Newton DU970 EMCCD camera attached to a Shamrock SR303i spectrometer. Excitation of the emission was done using either a 355 nm (1 mW) monochromatic line of an Ar-ion laser or a tunable Xe (300 W) source. In some experiments, the laser excitation energy was attenuated down to some µW, providing high and low pump power regimes for the measurements, respectively. The tuning of the Xe-source was used also for recording the excitation spectra. Low-temperature measurements were carried out in a helium-flow optical cryostat down to 3.7 K. The spectral response of the equipment was taken into account.
Results

Structural study of the ZnO:Ag nanoparticles
As prepared samples were verified to be wurtzite ZnO based upon their XRD patterns, the examples are shown in Fig. 1 . XRD peaks characteristic of the anisotropic wurtzite ZnO lattice can clearly be seen in Fig. 1 , while no detectable Ag-crystalline phase can be seen. A low-magnification TEM image of the Ag-doped ZnO nanopowder is shown in Fig. 2 The strong Cu Kα 1 line (8.048 keV) peak in Fig. 3 is due to backscattering of the incident electrons from the sample holder Cu grid and from the objective lens pole-piece of the TEM. The spectrum presented in Fig. 3 was specifically acquired from a region presented in Fig. 2 (a), only containing several Ag-doped ZnO particles. Due to low concentration of silver, the Ag peak around 25 keV is only a weak but significant feature at the given noise level, as seen in the insert to Fig. 3 . The Ag-K peak situated at 25 keV significantly exceeds the noise level which confirms the presence of silver in the ZnO nanoparticles. Figure 4 shows the emission spectra of undoped ZnO and ZnO:Ag (doping level 1.0 mol%) nanopowders excited at 355 nm into the conduction band of ZnO in the low pump power regime. The spectrum of undoped ZnO has an emission band at 545 nm, which is typical for ZnO and is generally ascribed to oxygen vacancy related defects in ZnO [1, 2] . Compared to the undoped ZnO, the emission spectrum of ZnO:Ag nanopowder shows a red-shift of the green emission band. Also, the emission bands around 750 nm and 900 nm have been observed.
Photoluminescence study: low pump power regime
As discussed below the 900 nm band is split into three components. The spectra have been normalized because the scattering properties of the powders varied from sample to sample resulting in a tentative comparison of their absolute intensities. Thus, the bands at 750 and 900 nm are due to Ag dopants, and the red shift of the band at 545 nm may be assumed to be due to an extra Ag-related band/shoulder located at about 570 nm, next to the 545 nm band of the ZnO host; as will be confirmed further by the excitation spectra in Fig. 5 and in the temperature dependence studies. This band of Ag, with its emission maximum in the yellowred part of the spectrum has been detected in a variety Ag nanoclusters doped media [15] , including glasses [16, 17] .
The excitation spectra of the 545-570, 750 and 900 nm emission bands, which can be observed in Fig. 4 , have been measured and the results are presented in Fig. 5 . It is seen that the excitation spectra are similar for all three Ag-nanoclusters related emission bands when detecting at 570, 750 and 900 nm, and are dominated by an exciton absorption peak at about 380 nm with an extended short wavelength shoulder. Such excitation spectra are typical for a variety of dopants in the ZnO host, such as Li [12] or Yb [13, 30] , which are pumped by energy transfer from the ZnO host. Thus we conclude that these three emission bands are pumped mostly by energy transfer from the exciton state of ZnO. On the other hand, the excitation spectrum for the green emission band of the undoped ZnO host, black line in Fig. 5 , differs substantially from Ag-nanoclusters related bands; it shows only one broad band corresponding to the band-to-band transitions of the ZnO host. Figure 6 shows the effect of the pump power on the shape of the emission spectrum for undoped ZnO (a) and for ZnO:Ag (b) nanopowders, which have been heat treated in oxygen. It is clearly seen that, at low pump power, the bands at 750 and 900 nm become stronger with respect to the 545-570 nm band. This indicates substantially different pump power dependence for the emission bands presented in Fig. 6 . We found that the 750 and 900 nm bands in the ZnO:Ag samples have sub-linear pump power dependence, which is typical e.g. of quantum cutting mechanisms for the energy transfer from the ZnO exciton state, e.g. in [12, 30, 31] , while the green emission band has a substantially stronger pump power dependence typical of conventional linear excitation processes, e.g. in [12, 30, 31] .
Photoluminescence study: high pump power regime
Effect of heat-treatment and temperature dependence of luminescence
To gain extra information about the origin of Ag emission bands we carried out heat-treatment of the as-prepared nanopowders, in particular in oxygen atmosphere since an effect of oxygen on the emission bands of ZnO is known [1, 32, 33] . The samples were heat-treated in a horizontal tube Lenton furnace in a constant flow of oxygen through the tube. During the heat-treatment the samples were held in alumina crucible at 700 °C for 2 hours. The results are shown in Fig. 7 for undoped (a) and Ag-doped (b) nanopowders. The heat-treatment results in an enhancement of the 750 nm and 900 nm bands, which were assigned to Ag dopants earlier. Note, that 750 nm emission band of undoped ZnO was shown to be related to oxygen surplus in previous works, e.g. in [1, 32, 33] . The effect of pump power is stronger for the oxygen heat-treated samples compared to the as prepared samples. Ag doping of the ZnO nanocrystalline host was found to affect the temperature dependence of luminescence of ZnO, as seen in Fig. 8 . The strongest temperature dependence was observed when detecting the green emission band at 560 nm. As it was argued above, two contributions, from the ZnO host and from the Ag dopants, will superimpose when detecting emission at this wavelength. We see that decreasing the temperature down to about 175°C results, first in an increase of emission intensity in both the undoped and the Ag-doped nanopowders. Further decrease of the temperature results in an essentially different behavior: a saturation for the undoped and decrease in emission intensity for the Ag-doped nanopowders. This difference indicates indeed two contributions, from the ZnO host and from the Ag dopants, as proposed above in description of data of Fig. 4 . 
Discussion
The green, 540-570 nm, emission band of ZnO:Ag nanocrystals
The excitation spectra and the temperature dependence of the green emission band, shown in Figs. 5 and 8 , respectively, clearly demonstrate the two contributions to the intensity of the observed green emission band of Ag-doped ZnO: the first contribution is from the ZnO host itself and the second contribution is from the Ag-dopant. The emission band of Ag nanoclusters in the green-yellow part of the spectrum is well known for different hosts, such as zeolites, sol-gels, liquids, colloids ( [15] and refs. therein) and recently we have detected this Ag nanoclusters band in a bulk glass host [16, 17] . In the ZnO:Ag nanocrystals, this band overlaps with an intrinsic green band of the ZnO host, but based on the excitation spectra and on heat-treatment and temperature dependence data it was possible above to separate the contributions of the green-yellow luminescence of the Ag nanoclusters and the intrinsic green ZnO luminescence. An energy level diagram in Fig. 9 (a) depicts a mechanism for excitation of the intrinsic emission band of ZnO (light green color): first by non-radiative relaxation of the photoexcited carriers (shown by wavy lines in Fig.  9(a) ) followed by a recombination of the carriers at the oxygen vacancies; this emission process has been found to have normal linear intensity dependence [12,30,31 and refs therein] . On the other hand, the green-yellow emission band of Ag nanoclusters and its excitation by the proposed quantum cutting mechanism are indicated by the dark green color in Fig. 9(a) .
The difference in temperature dependence between undoped ZnO and Ag-doped ZnO:Ag shown in Fig. 8 confirms different mechanisms for the green emission bands in these two samples. The temperature dependence of luminescence of ZnO:Ag suggests an extra mechanism of quenching of the band luminescence below 175 K. For ZnO:Ag sample, Fig. 8 , transfer from CB to the ZnO exciton is suppressed below 175 K; therefore the Agnanoclusters related luminescence is quenched at low temperature, which confirms earlier made proposition that Ag luminescence is due to energy transfer from the exciton state of ZnO. On the other hand, the luminescence of ZnO is not quenched at low temperature, which agrees with the model of Fig. 9(a) , because intrinsic luminescence of ZnO is due to relaxation of carriers directly from the conduction band.
The red, 750 nm, emission band of ZnO:Ag nanocrystals
An emission band in the region from 700 nm to 800 nm is detected both in the case of undoped and Ag-doped ZnO samples; while this band is stronger in the case of ZnO:Ag sample. This emission band of ZnO is well known from the literature, e.g. in [1, 32, 33] , and it was argued to be due to excess/surplus of oxygen impurities. Our data on heat-treatment in oxygen confirms this explanation. In our case, the emission band in the 700-800 nm region of the spectrum was enhanced by the heat-treatment in oxygen and by Ag-doping, indicating that this emission band is due to Ag-O clusters. The mechanism for excitation of this band is shown schematically in Fig. 9(a) in the red.
The infrared, 900 nm, emission band of Ag nanoclusters and its orbital splitting
To our knowledge, very little is known about the infrared emission of Ag-nanoclusters at about 900 nm. Recently an emission band of Gaussian-type shape in this region was reported for colloidal Ag-nanoclusters [34] . In our nanocrystalline samples, this band has a specific splitting in three components, which apparently is typical for the emission of transition metals in anisotropic crystalline lattices, such as wurtzite ZnO lattice in our case. Here we also note, that the 900 nm band cannot be due to single Ag atoms/ions, which normally emit in the UV part of the spectrum ( [35] and refs. therein).
Sugano-Tanabe theory explains an orbital splitting of energy levels of transition metals, such as Ag, in a crystal field [36, 37] ; the split is defined by the crystal symmetry. ZnO has a hexagonal anisotropic C 6V symmetry point group. The charge compensation reaction for introduction of Ag in the ZnO lattice may be written according to Eq. (1) , and this provides a mechanism for nucleation of Ag nanoclusters in ZnO host, such as Ag dimers.
The tetragonal field is known [37] to split excited 3 T 2g state of transition atoms into twofold orbital degenerate E levels and a single non-degenerate level A. The ground state is A state. Such splitting of the excited and ground states correspond to the experimentally detected split for the 900 nm emission band of Ag presented in Figs. 4, 6 , and 7. The two components have similar intensities as they correspond to the allowed E→A transition, while the lower energy third component has a weaker intensity as it corresponds to the forbidden A→A transition. The crystalline character of the Ag nanocluster site accounts for the experimentally detected splitting of this band. The mechanism for excitation of this band is depicted schematically in Fig. 9(a) in the black.
Optical transitions, energy level diagram and mechanism for formation of Agnanoclusters
The diagram in the Fig. 9(a) illustrates the mechanisms for excitation of the above presented emission bands for the undoped (light green colour) and Ag-nanoclusters doped ZnO:Ag nanopowders (dark green, red and black colours). The involved energy levels of Ag nanoclusters Ag CL are labelled, respectively. The emission bands near 570, 750 and 900 nm are related to the Ag-nanoclusters. They are excited by energy transfer from the ZnO exciton state through a quantum cutting process, as argued above. The temperature dependence of ZnO:Ag indicates the presence of two emission quenching mechanisms dominating below and above 175 K. Below 175 K, the emission is quenched due to a reduction of charge carrier transfer from the ZnO conduction band to the ZnO exciton level. At temperatures higher than 175 K, a well known Fröhlich mechanism of electron-phonon interaction dominates, causing the observed emission to decrease. , resulting in an Ag-dimer. As it was shown in [17] , if these nanoclusters are close enough they may form bigger Ag-nanoclusters. The shape and the size of the involved Ag-nanoclusters is a topic for our extended further research.
When the Ag-dimers locate next to each other inside the ZnO host, this promotes a cooperative quantum cutting processes [12, 30, 31] as deduced from the above experimental data and indicated by the two down-headed arrows in Fig. 9(a) . A decaying exciton of ZnO can excite two close Ag-dimers simultaneously/cooperatively, due to the large Bohr radius of the exciton. In ZnO, the Bohr radius is R Bohr = 1.4 nm [38] , which is the upper limit for Ag separation of Ag dimers, which can participate in quantum cutting process. More distant Ag dimers (or nanoclusters) cannot contribute to the cooperative quantum cutting process [12] , but they may contribute to a conventional linear de-excitation process.
Conclusion
We reported on the preparation of nanocrystalline ZnO powder doped with luminescent Agnanoclusters. The Ag-doping results in three emission bands near 570, 750 and 900 nm; the last band has a characteristic splitting in an anisotropic crystalline ligand field of the wurtzite structured ZnO. The detected emission bands point towards promising applications of the ZnO:Ag nanopowders, especially bearing in mind their low cost and availability. Device applications of these ZnO nanopowders doped with Ag-nanoclusters may include UV-driven white light generation in luminescent lamps, flexible displays, down-shifting of solar spectrum for enhancement of efficiency of solar cells. acknowledge the guidance of Prof. G. Van Tendeloo, EMAT Antwerpen University, in transmission electron microscopy study in this work.
